Mast cells are specialized secretory cells that play significant roles in allergic responses. Cross-linking of the highaffinity receptor for IgE (FceRI) on mast cells by multivalent antigen causes the activation of the intracellular signaling cascade and leads to exocytotic release of granular contents (degranulation), such as histamine and serotonin. [1] [2] [3] [4] [5] In the phagocytic action of neutrophils and macrophages, reactive oxygen species (ROS), such as superoxide and hydrogen peroxide (H 2 O 2 ), are produced. Recently, production of ROS has been demonstrated in various cells, and their effects on many biological processes have been reported. [6] [7] [8] [9] As for allergic responses, the degree of airway hyperresponsiveness is related to the H 2 O 2 level generated from stimulated peripheral blood neutrophils in asthmatic children.
10) The level of breath H 2 O 2 in asthmatics is increased in relation to the significance of the disease. 11) In rat peritoneal mast cells, H 2 O 2 induces degranulation by itself. 12) On the other hand, degranulation mediated by FceRI was inhibited after exposure to low concentrations of H 2 O 2 . 13, 14) Guérin-Marchand et al. showed that H 2 O 2 impairs elevation of the intracellular Ca concentration induced by antigen stimulation. 15) In addition, it has been reported that either physiologic stimulation (antigen) or nonphysiologic stimulation such as with compound 48/80 causes the production of ROS in mast cells. 16, 17) However, the effects of ROS on intracellular signaling are not well characterized. Because H 2 O 2 acts as a ROS not only extracellularly but also intracellularly, it is difficult to specify the effects of ROS on intracellular signaling. To overcome this problem, we used menadione instead of H 2 O 2 . Menadione, (2-methyl-1,4-naphtoquinone), is a synthetic derivative of vitamin K 1 and also called vitamin K 3 . It has antitumor activity against a variety of tumor cells. 18, 19) Menadione is reduced by NAD(P)H:quinone oxidoreductase (NQOR) in the cells, producing hydroquinone at the expense of NAD(P)H. 20) Hydroquinone is oxidized by molecular oxygen and superoxide (O 2 Ϫ. ) is produced (Fig. 1) . Therefore menadione allows us to investigate the effects of ROS produced inside cells on signal transduction without the effects of extracellular ROS, as shown in Fig. 1 . Cells RBL-2H3 cells were cultured at 37°C in minimum essential medium (MEM) supplemented with 10% fetal calf serum (FCS) in an atmosphere of 5% CO 2 in an incubator. 1, 21) Calcium Measurements RBL-2H3 cells (1.5ϫ10 6 ) were loaded with Indo1-AM 1 mM (Molecular Probes; Eugene, OR, U.S.A.) for 15 min at 37°C and sensitized with anti-DNP IgE (100 ng/ml). After incubating the cells, they were washed twice with HEPES-buffered saline and stimulated with DNP 7 -BSA (100 ng/ml) in the presence or absence of extracellular free calcium. Samples were excited at 340 nm, and the fluorescence intensity at 410 and 485 nm was measured at 37°C. The intensity ratio (F 410 /F 485 ) was calculated with a spectrofluorometer equipped with a personal computer (RF-5300PC; Shimadzu, Japan). 
MATERIALS AND METHODS

Materials
RESULTS
To investigate the effects of superoxide on intracellular signaling, we first investigated the effects of menadione (vitamin K 3 ) treatment of RBL cells on the degranulation activity induced by antigen stimulation. RBL cells were pretreated with different concentrations of menadione for 15 min and stimulated with antigen (DNP 7 -BSA) for 20 min. 23) As shown in Fig. 2 , antigen-induced degranulation was inhibited by menadione dose dependently (white column), and degranulation decreased to about 75% of the control value at 400 mM. No significant b-hexosaminidase release was induced with menadione pretreatment.
In RBL cells, degranulation is induced by the elevation of intracellular Ca 2ϩ concentration. 4) Thus we examined the effects of menadione on the Ca 2ϩ increase induced by antigen. Intracellular Ca 2ϩ was measured using a Ca 2ϩ -sensitive fluorescent probe, Indo-1.
A typical time course of the intracellular Ca 2ϩ concentration from among four experiments is shown in Fig. 3 . Antigen stimulation was added at the time indicated by the arrow. In the presence of extracellular Ca 2ϩ (filled symbols in Fig.  3 ), menadione also inhibited the Ca 2ϩ increase induced by antigen dose dependently.
In RBL-2H3 cells, antigen stimulation causes the production of IP 3 , which mobilizes Ca 2ϩ from the intracellular calcium stores. 1, 3, 4, [24] [25] [26] Depletion of the calcium stores induces Ca 2ϩ influx from extracellular solution through the store-operated Ca 2ϩ channel (SOC), resulting in the sustained elevation of intracellular Ca 2ϩ concentration. [24] [25] [26] To examine the pathway of Ca 2ϩ mobilization which is impaired by active oxygen, we measured the intracellular Ca 2ϩ concentration in the absence of extracellular Ca . We carried out four independent measurements and similar results were obtained. One of those results is shown in Fig. 4 . Since the intracellular calcium store is the only source of Ca 2ϩ in the absence of extracelluar Ca 2ϩ , these results indicate that menadione inhibits Ca 2ϩ influx from extracellular solution but not the release from the intracellular Ca 2ϩ store.
DISCUSSION
In the present study we investigated the effects of menadione on the activation of mast cells by antigen stimulation. In the b-hexosaminidase assay, we measured degranulation and the effects of menadione on mast cell signaling were evaluated. In mast cells, antigen stimulation causes the elevation of the intracellular Ca 2ϩ concentration that triggers degranulation.
3,4) Menadione inhibited degranulation dose de- pendently (Fig. 2) . These results are similar to those showing that H 2 O 2 (125-500 mM) applied extracellularly inhibits degranulation in RBL-2H3 cells. 13) We also examined the effects of menadione on degranulation in the presence of dicoumarol, an inhibitor of quinine-oxidoreductase. However, dicoumarol inhibited degranulation by itself. Scavengers of ROS, such as N-acetyl cysteine and tiron, affected degranulation by themselves. N-Acetyl cysteine inhibited degranulation, and tiron induced degranulation without stimulation.
To identify the process that is affected by menadione, we examined the intracellular Ca 2ϩ concentration. In the presence of extracellular Ca 2ϩ , the intracellular Ca 2ϩ increase was inhibited without affecting the basal level. On the contrary, in the absence of extracellular Ca 2ϩ , no significant effects on the antigen-induced Ca 2ϩ increase were observed (Fig. 3) . This indicates that menadione does not affect the early processes from antigen stimulation to Ca 2ϩ release from the intracellular calcium store by IP 3 , but affects the Ca 2ϩ increase due to Ca 2ϩ influx from the extracellular medium. To confirm this concept, we stimulated cells with thapsigargin, which induces Ca 2ϩ release from the intracellular calcium store by inhibiting Ca 2ϩ pump on the membrane of the calcium store. The depletion of the intracellular calcium store causes activation of the Ca 2ϩ channel on the plasma membrane, as in the case of store depletion by IP 3 .
26)
As shown in Fig. 4 , menadione inhibited the Ca 2ϩ increase without affecting Ca 2ϩ release from the intracellular calcium store. The SOC that is responsible for Ca 2ϩ influx activated by store depletion is still elusive, and the processes from store depletion to the activation of the Ca 2ϩ channel on the plasma membrane are still unknown. Therefore two mechanisms for the action of menadione are possible, although we cannot exclude the possibility that menadione inhibited degranulation through impairing not only the SOC but also processes other than the SOC. One is that ROS produced by menadione inhibits the SOC directly, and the other is that ROS inhibits the activation processes of the SOC, from store depletion to channel activation.
